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Abstract 
Kinetics of Brazilian iron ore fines reduction was investigated in a micro fluidized bed, a newly developed kinetics analyzer for 
gas-solid reactions, where the effects of external and internal diffusion were significantly reduced by modifying the operation 
conditions. The reducing gas was a mixture of CO and N2 and the temperature ranged from 973 K to 1123 K. The experimental 
data was analyzed with respect to the reduction mechanism of iron oxides, and the feasibility of the segment treatment on the 
experimental data was discussed. The kinetics parameters were determined by the iso-reduction degree method as well as models 
matching method, and compared with available data in the literature. Moreover, a reduction model for iron ore fines was hence 
established in terms of piecewise differential rate function, and the reduction stage FexOėFe is considered as the most likely 
limit step during the reduction of iron ore fines.  
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1. Introduction 
Direct reduced iron gradually becomes an important industrial material as a compensation of the shortage of high 
quality steel scrap. Therefore, besides the well established blast furnace route, direct reduction plants based on 
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fluidized bed systems have been one of the most competitive processes for ironmaking[1]. The fluidized bed reactor 
provides the advantages of uniform temperature as well as the high efficiency of  heat and mass transfer[2]. 
Moreover, these processes bypass the traditional agglomeration process and cokemaking process, which makes the 
ironmaking process shorter, cheaper and more environmental friendly. Gaseous reduction reaction of iron ore fines is 
an important metallurgical reaction which contributes to the metallurgical industrial production. In order to clearly 
understand the reduction process of iron ore fines under the fluidized condition, fundamental knowledge on the 
reduction kinetics is required.  
Recently, a micro-fluidized bed system was developed and used as a new gas-solid reaction analyser to determine 
the reaction characteristics and kinetics parameters[3-9], for example, the gasification of coal, biomass phrolysis and 
syngas catalytic methanation, etc.. The micro-fluidized bed is a differentially operating reactor. Compared with 
gravimetry, the micro fluidized bed can significantly reduce the effects of external diffusion on the kinetics of gas-
solid reactions, and more importantly, the reaction in the micro fluidized bed is very rapid and homogeneous, it can 
promise that every particle of the solid sample in the reactor is under the same process conditions at any time during 
fluidization. As well known, iron ore fines gaseous reduction is a typical gas-solid reaction which is mainly 
controlled by internal diffusion, external diffusion and surface reaction. Therefore, some researchers in the field of 
ironmaking attempt to study the reduction behavior of iron ore fines under the atmosphere of pure CO , H2 or 
reducing gas mixture with proper temperature in the micro-fluidized bed reactor[10-13]. However, these 
investigations mainly focused on the apparent kinetics of gaseous reduction of iron ore fines without reducing the 
influences of external and internal diffusion. The quasi-intrinsic kinetics of the gaseous reduction of iron ore fines, 
which decreases the effects of particle size of iron ore fines (i.e. the internal diffusion influence) and the flow rate of 
reducing gas (i.e. the external diffusion influence) on the reaction kinetics, was seldom studied.  
The scope of present work is to investigate the quasi-intrinsic kinetics of the reduction of iron ore fines in a micro 
fluidized bed reactor. Thus, two-step experiment was carried out. Firstly, the influence of external and internal 
diffusion on kinetics was significantly reduced by adjusting gas flow rate and particle size. Subsequently, with the 
critical conditions obtained by the first step experiment, quasi-intrinsic kinetics of iron ore fines reduction was 
analyzed in the CO and N2 mixture with temperature ranging from 973 K to 1123 K. The kinetics parameters 
consisting of activation energy, pre-exponential factor and mechanism function were estimated and compared with 
the data reported in the literature. 
Nomenclature 
Fe2O3 Hematite  
Fe3O4 Magnetite 
FexO Wustite 
Fe          Metal iron 
Oloss       Loss of oxygen during reduction 
Oinitial     Initial amount of oxygen in iron ore fines 
α            Reduction degree 
t             Reduction time 
T           Temperature 
k(T)       Reaction rate constant 
f(α)        Differential form of reaction rate 
G(α)      Integral form of reaction rate 
A           Pre-exponential factor 
E           Activation energy 
Subscripts 
H-M      Transformation from hematite to magnetite 
M-W     Transformation from magnetite to wustite 
W-I       Transformation from wustite to metal iron 
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2. Experimental and materials 
Hematite (Brazilian iron ore) was used as the reagent, and its chemical composition is listed in Table 1. The 
particle size of the iron ore, obtained by screening, was divided into 6 ranges, respectively are 50-70Pm, 100-150Pm, 
150-300Pm, 300-400Pm, 400-450Pm and 550-600Pm. And its bulk density is 2840 kg/m3. The basic structure of the 
micro-fluidized bed system illustrated as Fig.1 is provided by the group of advanced energy technology in the 
Institute of Process Engineering (IPE), Chinese Academy of Sciences (CAS) . The reactor is a quartz tube with inner 
diameter of 20 mm. During the reduction process, the solid sample (30-45mg) is injected into the reactor by a pulse 
injection system. Quartz sand (100-150μm, 4g) was chosen as the fluidization medium which improves the 
efficiency of heat and mass transfer in the reactor. Moreover, the change of the composition of the product gas was 
detected by a mass spectrometer (American AMETEK, LC-D300M). In addition, the temperature was controlled by 
a TPR system, and a reducing gas mixture of 50%CO(purity: 99.99%) and 50%N2(purity: 99.99%) was used.  
Table 1. Chemical composition of the Brazilian iron ore ( mass percent, wt.%) 
TFe SiO2 CaO MgO Al2O3 P 
63.38 5.53 0.014 0.08 1.32 0.05 
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Fig. 1. Schematic diagram of the micro-fluidized bed system. 
The procedure could be described as follows: firstly, in order to obtain the critical flow rate of reducing gas at 
which the external diffusion influence is obviously reduced, 200ml/min, 300ml/min, 400ml/min and 500ml/min 
were respectively applied to reduce the iron ore fines, and then, under the critical flow rate of reducing gas, 6 groups 
of iron ore fines with the particle size of 50-70Pm, 100-150Pm, 150-300Pm, 300-400Pm, 400-450Pm and 550-
600Pm were reduced to obtain the critical particle size at which the internal diffusion influence can be taken as 
significantly decreased. Finally, the intrinsic kinetics experiment was carried out forward with the critical conditions.  
CO2 is considered as the only gas product when the iron ore fines is reduced by CO,  the detected results of CO2 
are analyzed to present the  kinetics parameters and reduction process, in terms of  dimensionless conversion α, 
which could be estimated by equation (1) as follows 
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Where, ΔO is the oxygen loss during reduction at time t, g; ∑O is the overall oxygen loss during the reduction 
process, g;φCO2 is the volume content of CO2 at time t, vol%; tf is the overall reduction time, min. 
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3. Results and discussions 
3.1. Reducing the effect of the external diffusion 
Iron ore fines reduction at the reducing gas flow rates of 200ml/min, 300ml/min, 400ml/min and 500ml/min were 
respectively carried out to investigate the effect of gas flow rate on the reduction characteristics. Additionally, the 
temperature was set as 973K and particle size 550-600μm was used. The dependence of reduction degree on the 
reducing time under different flow rate can be noted in Fig.2. In addition, the reaction in the micro fluidized bed is 
very rapid, thus, the solid sample is considered to be totally reduced into metal iron when there is no more product 
gas emission. 
It can be observed in Fig.2, the increase of flow rate from 200ml/min to 300ml/min leads to a sharp increase of 
the reduction rate (slope of the plots in Fig.2), and the corresponding reduction time is reduced from 600s to 300s as 
a result, which directly indicates that the external diffusion has an important influence on the reduction process. The 
gas flow rate was further increased and the former phenomenon disappears when the gas flow rate changes from 
400ml/min to 500ml/min. Thus, this critical status is the desired operating condition at which external diffusion is 
considered to be decreased significantly and 400ml/min is selected as the flow rate for the following quasi-intrinsic 
kinetics reduction cases. 
0 100 200 300 400 500 600
0.0
0.2
0.4
0.6
0.8
1.0
R
ed
uc
tio
n 
de
gr
ee
Time /s
 200ml/min
 300ml/min
 400ml/min
 500ml/min
 
Fig. 2. Reduction degree versus reduction time at different gas flow rates. 
3.2. Reducing the effect of the internal diffusion 
According to Fig.3 of reduction degree versus reduction time for different particle sizes, the reduction degree 
increases as the reduction time increases, while the reduction rate increases with decreasing the particle size. 
Consequently, an obvious influence of particle size on the reduction process is taken into account. Additionally, the 
reduction time is reduced from 425s to 250s when the particle size decreases from 550-600μm to 50-70μm. But 
when the particle size changes from 100-150μm to 50-70μm, the patterns of reduction degree versus reducing time 
hardly varied from each other, which demonstrates that the internal diffusion is reduced notablely. Therefore, 
considering the elutriation of the smaller particles, 100-150μm is derived as the critical particle size for the quasi-
intrinsic kinetics analysis. 
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Fig. 3. Reduction degree versus reduction time for different particle size. 
3.3. Quasi-intrinsic kinetics 
From the above series of experiments, particle size of 100-150μm and reducing gas flow rate of 400ml/min are 
selected as the critical conditions under which the effects of both internal diffusion and external diffusion are 
significantly reduced. Therefore, the quasi-intrinsic kinetics experiment was conducted under the critical conditions 
and the reducing temperature ranged from 973 K to 1123 K. The results are shown as Fig. 4. 
The reduction degree versus reduction time at different temperatures is shown as Fig. 4(a), it can be noted that the 
reduction degree increases as the reduction time increases, and meanwhile, the reduction degree increases with 
increasing the temperature from 973 K to 1123 K. In addition, the complete reduction time decreases obviously 
from 380s to 170s when the temperature increases from 973 K to 1123K.  
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Fig. 4. (a)Reduction degree versus reduction time; (b)Reduction rate versus reduction degree. 
Differential treatment of data from Fig.4(a), the reduction rate versus reduction degree is obtained as Fig. 4(b). In 
the case of 973 K, obviously, a peak appears at the rate curve as the reduction processes on. In the preliminary 
reduction stage, the reduction rate increases sharply and then arrives at a highest point around the reduction degree 
of 0.04, after which there is a drop in the reduction degree range of 0.04-0.09, and the reduction rate decreases 
continuously slowly to 0 shaping a slope after presenting a slight platform in the reduction degree range 0.09-0.2. 
The similarity can be derived from other temperatures. Moreover, the peak rate increases with increasing the 
temperature and slightly shifts toward to the higher reduction degree which indicates that maximum reduction rate 
and reduction degree corresponding to maximum reduction rate increase as the reducing temperature increases.  
As well known, the reduction process of iron oxides can be divided into three stages when the reduction 
temperature is over 843K, which can be expressed as Fe2O3ėFe3O4ėFexOėFe. Moreover, Fe2O3 theoretically 
contains 30.06% oxygen, Fe3O4 is 27.64%, and FexO ranges from 23.17% to 24.77%. When the reduction of Fe2O3 
to Fe3O4 is completed, the reduction degree calculated by the terms of Oloss/Oinitial is 0.081, and when Fe3O4 is 
completely reduced into FexO, the reduction degree reaches to 0.176-0.229, finally, reduction degree arrives at 1.0 
when FexO is completely changed into iron. Compared with thermogravimetry method, reaction in micro-fluidized 
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bed is very fast, but the data from Fig.4 still presents the three stages of reduction, this is well consistent with the 
theoretical process. 
Although the reactions of iron oxides would happen simultaneously for iron ore fines reduction, 0.01-0.08 can be 
taken as the first stage corresponding to the process Fe2O3ėFe3O4, which indirectly indicates the process Fe2O3ė
Fe3O4 dominates the early stage of iron ore fines reduction. Moreover, 0.08-0.22 for the second stage  corresponding 
to Fe3O4ėFexO and 0.22-0.9 for the third stage corresponding to FexOėFe. Thus, the intrinsic kinetics of reduction 
of iron ore fines is analyzed in three stages distinguished by the reduction degree.  
The main purpose of this work is to determine the quasi-intrinsic kinetics parameters of iron ore fines reduction 
in the micro-fluidized bed. The differential reaction rate function of gas-solid reaction can be written as  
( ) ( )d k T f
dt
D D                                                                                                                                                         (2) 
And according to the Arrhenius function, the reaction rate constant is expressed as 
/( )( ) E RTk T Ae                                                                                                                                                         (3) 
Logarithmic treatment on both sides of equation (2), it follows 
ln ln ln ( )d E A f
dt RT
D D                                                                                                                                        (4) 
Therefore, reaction rate is separated from the mechanism function, and the activation energy E can be directly 
derived from the slope of linear fitting between ln(dα/dt) and 1/T, according to iso-reduction degree method. 
Firstly, 0.01-0.08 is taken as the first region to analyze the first stage Fe2O3ėFe3O4. According to equation (4) 
and Fig.4, the reduction rates of each curve at the reduction degree 0.01, 0.02, 0.04, 0.05, 0.06, 0.07 and 0.08 are 
respectively obtained, and then linear fitting of ln(dα/dt) and 1/T is given to get the slope at each reduction degree 
(shown as Fig.5) , and subsequently, activation energy is obtained by multiplying the slope with -8.134×10-3 KJ/mol. 
As a result, the activation energy ranges from 15.288KJ/mol to 40.895 KJ/mol, arithmetic average value is EH-
M=28.650 KJ/mol for the process of Fe2O3ėFe3O4. 
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Fig. 5. Linear fitting of ln(dα/dt) and 1/T (0.01İαİ0.08). 
As shown in Fig. 5, there is an obvious pattern that the intercept of each curve increases gradually when the 
reduction degree increases from 0.01 to 0.04, which implies the reaction is getting faster as the reduction of iron ore 
fines processes on. This phenomenon can be explained by the disordering of the structure of the mechanically 
activated samples brings about an increase in the rate of reduction process and a decrease in the activation 
energy[14]. However, there is a transformation of this tendency between 0.04 and 0.05. And meanwhile, the 
reduction rate arrives at the maximum value. When the reduction degree changes from 0.05 to 0.08, the intercept of 
each curve decreases gradually and the reduction rate slows down simultaneously. The averaged activation energy 
for the two parts changes from 20.020 KJ/mol to 37.280 KJ/mol, which indicates that the reaction gets harder to 
proceed in the later stage. The formation of the dense reduced layer overlapped on the hematite structure is 
considered as the reason retarding the reaction process [15]. 
And reduction degrees from 0.08 to 0.22 and from 0.2 to 0.9 are analyzed in the same way for the second stage 
Fe3O4ėFexO  and the third stage FexOėFe, respectively. Results are shown as Fig. 6(a) and Fig. 6(b). Specially, 
arithmetic average activation energy for the second stage is EM-W=40.243 KJ/mol (ranging from 34.482 KJ/mol to 
45.321KJ/mol) and EW-I=47.143 KJ/mol for the third stage (ranging from 37.730 KJ/mol to 53.52KJ/mol). 
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Different from the first stage, the intercept of curves seems to be decreasing monotonously as the reduction 
degree increases for the second stage  Fe3O4ėFexO  , but there is a little fluctuation near 0.08-0.10 and 0.16-0.22. 
Whereas, it is absolutely monotonously decreasing for the third stage FexOėFe , which demonstrates that the 
reaction of the second stage exists some instability factors, especially is the disproportionation reaction of FexO  [16-
18]. 
And from the arithmetic average activation energy of each stage, it is easy to see that the hardest part of the 
reduction process is the third stage FexOėFe  and on the other hand, the first stage Fe2O3ėFe3O4 is the easiest. The 
result agrees well with the fact that the oxygen is harder to be taken from the iron oxide with lower  ferrous valence 
state, and as a result, an increase of activation energy is introduced. Consequently, the reduction stage FeOėFe can 
be considered as the limit step during the reduction of iron ore fines. 
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Fig. 6. Linear fitting of ln(dα/dt) and 1/T. (a)0.08İαİ0.22;(b)0.2İαİ0.9. 
Traditionally, thermogravimetric method was used to investigate the kinetics of iron ore fines reduction as well as 
iron oxides, kinetics parameters are extensively analyzed. Trushenski et al.[19] reported the activation energy 69-
100 KJ/mol for Fe2O3ėFe3O4 , 64.46-78.27 KJ/mol for Fe3O4ėFeO  and 115.94 KJ/mol for FexOėFe. Jozwiak et 
al.[16] reported the activation energy 70 KJ/mol for Fe2O3ėFe3O4 and 104 KJ/mol for FexOėFe. Compared with 
researches in the literature, the results obtained from the quasi-intrinsic kinetics experiment data are smaller as 
expected, as a result of reducing the effects of both internal diffusion and external diffusion, but the tendency keeps 
the same. 
In order to get the mechanism function f(α) and pre-exponential factor A, another method called models 
matching is used to analyze the experimental data. According to the integral formula of gas-solid reaction model 
( ) ( )G k T tD  u                                                                                                                                                            (5) 
The reaction constant k(T) and mechanism function f(α) can be got from the linear fitting of G(α) and t. And then, 
activation energy E and pre-exponential factor A can be got from the linear fitting of lnk(T) and 1/T according to 
Arrhenius function (equation(3)). 
 There are 16 kinds of popular solid state reaction models used to find out the best linear relationship between 
G(α) and t  shown as Table 2. They are divided into 4 types, respectively are diffusion models, nucleation models, 
geometrical contraction models and reaction-order models. 
 
Table 2. Solid state rate expressions for different reaction models[20]. 
Model f(α)=dα/(kgdt) G(α)=kt 
Nucleation models  
Power law (P2) 2α1/2 α1/2 
Power law (P3) 3α2/3 2 / 33D  α1/3 
Aurami-Erofe’ev(A1.5) 2/3(1-α)[-ln(1-α)]1/3 [-ln(1-α)]2/3 
Aurami-Erofe’ev(A2) 2(1-α)[-ln(1-α)]1/2 [-ln(1-α)]1/2 
Aurami-Erofe’ev(A3) 3(1-α) [-ln(1-α)]2/3 [-ln(1-α)]1/3 
Aurami-Erofe’ev(A4) 4(1-α) [-ln(1-α)]3/4 [-ln(1-α)]1/4 
Geometrical contraction models 
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Contracting area(R2) 2(1-α)1/2 1-(1-α)1/2 
Contracting volume(R3) 3(1-α)2/3 1-(1-α)1/3 
Diffusion models 
1D diffusion(D1) 1/(2α)  α2 
2D diffusion(D2) [-ln(1-α)]-1 α+(1-α)ln(1-α) 
3D diffusion-Jander Eq.(D3) 3/2(1-α)2/3[1-(1-α)1/3]-1 [1-(1-α)1/3]2 
Ginstling-Broushtein (D4) 3/2[(1-α)-1/3-1]-1 (1-2/3α)-(1-α)2/3 
Reaction-order models 
Zero-order(F0/R1) 1 α 
First-order(F1) 1-α -ln(1-α) 
Second-order(F2) (1-α)2 (1-α)-1-1 
Third-order(F3) (1-α)3 0.5[(1-α)-2-1]  
 
From the results of linear fitting, the model with highest fitting degree for the first stage Fe2O3ėFe3O4 is 
contacting volume(R3) (G(α)=1-(1-α)1/3,f(α)=3(1-α)2/3), R2=0.9792-0.9978, shown as Fig.7(a). Thus, the process is 
considered to be controlled by the interfacial chemical reaction. According to equation (5), the reaction constant is 
the slope of each fitting line. Fig.7(b) is the result of further linear fitting of lnk(T) and 1/T, and according to 
equation(3), the activation energy EH-M=29.10KJ/mol, pre-exponential factor AH-M=0.4053s-1. Therefore, 
dα/dt=1.2159×(1-α)2/3×e-29.10×1000/(8.314×T) is derived as the reaction rate function for the first stage. 
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Fig. 7. (a) linear fitting of G(α) and time;(b) linear fitting of lnk(T) and1/T. 
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Fig. 8. (a) linear fitting of  G(α) and time;(b) linear fitting of lnk(T) and1/T. 
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Fig. 9.(a)linear fitting of  G(α) and Time; (b)Linear fitting of lnk(T) and1/T. 
 
Table 3. Kinetics parameters for the iron ore fines reduction process. 
Reduction stage E (KJ/mol) A (s-1) f(α) 
Fe2O3ėFe3O4 29.100 0.4053 3(1-α)2/3 
Fe3O4ėFexO 40.924 5.175 (1-α)2 
FexOėFe 60.872 18.681 1-α 
 
In the same way, second-order (F2) (G(α)=(1-α)-1-1, f(α)=(1-α)2) is the best fitting model for the second stage 
Fe3O4ėFexO, R2=0.9997-0.9999, shown as Fig.8(a), and the process is controlled by chemical reaction. The further 
linear fitting of lnk(T) and 1/T is illustrated as Fig. 8(b), and the activation energy EM-W=40.924KJ/mol, pre-
exponential factor AM-W=5.175s-1. Thus, dα/dt=5.175×(1-α)2×e-40.924×1000/(8.314×T) is taken as the reaction rate function 
for the second stage. The best linear fitting model for the third stage FexOėFe is the first-order(F1) (G(α)=-ln(1-α), 
f(α)=1-α), R2=0.9904-0.9969, shown as Fig.9(a). So the process is controlled by nucleation and growth. And the 
linear fitting of lnk(T) and 1/T is shown in Fig.9(b). As a result, activation energy EW-I=60.872KJ/mol, pre-
exponential factor AW-I=18.681s-1.  And dα/dt=18.681×(1-α)×e-60.872×1000/(8.314×T) is got as the rate function for the 
third stage.The results are listed in the Table 3. 
From the analysis above, deviation of the activation energy values of two methods are reasonably consistent with 
each other. And the activation energy increases with the reduction process indicating the reaction is getting harder to 
take place, which agrees with the theoretical reduction process of iron oxides. 
4. Conclusions 
With the application of the innovational micro-fluidized bed analyzer, the influences of external diffusion and 
internal diffusion on the kinetics are significantly reduced before the quasi-intrinsic kinetics experiment. And then 
the quasi-intrinsic kinetics experiment is conducted under the critical conditions and temperature ranges from 973 K 
to 1123 K, good agreements have been achieved with previous investigations, and following results are concluded: 
(1) Although the effects of both external diffusion and internal diffusion are hard to thoroughly eliminated, 
400ml/min and 100-150μm are chosen as the suitable critical flow rate and particle size.  
(2)The feasibility of the segment treatment on the experimental data is discussed with respect to the reduction 
mechanism of iron oxides. And the reduction process is divided into three parts:  0.01İαİ0.08, 0.08İαİ0.22 and 
0.2İαİ0.9, corresponding to the reduction stages: Fe2O3ėFe3O4, Fe3O4ėFexO and FexOėFe, respectively. 
(3)Fe2O3ėFe3O4 is controlled by interfacial chemical reaction, and the reaction rate function for this stage is 
derived as dα/dt=1.2159×(1-α)2/3×e-29.10×1000/(8.314×T), Fe3O4ėFexO is controlled by second-order chemical reaction, 
and the reaction rate function for this stage is written as dα/dt=5.175×(1-α)2×e-40.924×1000/(8.314×T), FexOėFe is 
controlled by first-order chemical reaction, and the reaction rate function is given as dα/dt=18.681×(1-α)×e-
60.872×1000/(8.314×T), and it is considered as the limit step during the reduction of iron ore fines.  
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